The entire protocol consists of seven imaging sequences. The first two sequences are used to locate the bilateral carotid bifurcations. Sequence 3 (black-blood MRA of the carotid bifurcation) allows one to precisely determine the position of the bifurcation, which is then used as a landmark for all subsequent transverse sequences 4 to 7. The side of the bifurcation chosen for this purpose is referred to below as the index side. The index side is recorded for use in follow-up examinations, if indicated. Sequence 3 is also helpful to visualize plaque distribution along the artery. If necessary, this sequence can be repeated for the contralateral side. Four transverse scans (sequences 4 to 7) provide black-blood images with basic contrast weightings (T 1 -weighted, PD-weighted, and T 2 -weighted) and bright-blood (3-D TOF) images, which are necessary for plaque characterization. In order to facilitate further comparisons, coverage of sequences 4 through 7 is prescribed so that slices obtained from different sequences are positioned at the same distance from the carotid bifurcation of the index side. The Basic Protocol takes ∼30 to 40 min depending on coverage (number of slices). The entire examination, including patient setup, will take ∼1 hr. Table A1 .4.1 lists the hardware necessary to perform the procedure, along with the appropriate parameters. The available gradient strength will depend on the scanner, and the echo times given in other tables below may be varied accordingly (the smaller the gradient strength, the longer the echo time for a particular scan).
NOTE:
Be sure that technologists and nurses have immediate access to any emergency equipment that may be relevant to a given study, or that may be needed for a particular patient, such as crash carts or oxygen.
if the patient has any health conditions that may require the presence of special emergency equipment during the scanning procedure, or necessitate any other precautions.
Generally, standard screening forms (see APPENDIX 1) are used for all patients scanned in a magnetic resonance system. for discussion of what implants may be safely scanned using magnetic resonance.
The presence of any ferromagnetic metals may be a health hazard to the patient when he or she is inside the magnet, and will also affect the imaging. If in doubt as to the exact composition of the items, it is best to exclude patients with any metal implants; see

Patients may be accompanied into the magnet room by a friend or family member, who can sit in the room during the scan and comfort the patient as needed. This companion must be screened as well to ensure the absence of loose metal objects on the body or clothing, as well as other items as described above.
2. If the procedure is a research protocol, have the patient sign any necessary consent forms.
3. Have the patient remove all jewelry and change into a gown to eliminate any metal that might be found in clothing.
4. Have the patient wash off any mascara and other makeup to avoid local tissue heating and image artifacts.
5. Inform the patient of what will occur during the procedure, what he or she will experience while in the magnet, and how to behave, including the following:
a. If earplugs, earphones, or headphones are used to protect the ears from the loud sounds produced by the gradients, the patient will be asked to wear one of these devices, but will be able to communicate with you at any time during the imaging. b. The patient may be given a safety squeeze-bulb or similar equipment to request assistance at any time (demonstrate how this works). c. For good results, the patient should not talk, and should avoid or minimize swallowing or other movement during each scan-i.e., as long as the banging sounds continue. Between scans, talking and swallowing are allowed in most cases, but should be avoided when comparative positional studies are being performed; the patient will be informed when this is the case. d. Nevertheless, the patient may call out at any time if he or she feels it necessary. 8. If needed, place a pillow or other support under the knees to make the patient more comfortable.
9. Use the centering light to position the patient at the angle of the mandible and put him or her into the center of the magnet. 13. Use the scout images obtained earlier to locate the carotid arteries and ensure coverage of the region of interest. Prescribe slices graphically to cover long enough segments of the carotid arteries, including both bifurcations. Use the pilot images to set up a superior saturation band for suppression of venous flow signal.
14. Start scan and ensure the appearance of both left and right bifurcations on the obtained images. If, occasionally, bifurcations are not found, repeat this scan with superior or inferior shift of a slice group (slab) until bifurcations are found. and several other institutions. b Exact correspondence between T R , T I , and a number of slices is required. The total number of slices (6) corresponds to acquisition of two interleaved groups by 3 slices. The parameters are given for acquisition of three slices per T R . See Yarnykh and Yuan (2003) for details.
This sequence uses sequential slice acquisition. On most scanners, acquired slices are reconstructed immediately, and the operator may see recently obtained images. When both left and right bifurcations are passed and 5 to 10 images are obtained above the bifurcations, acquisition can be stopped to save scan time.
Sequence 3: Oblique sagittal 2-D black-blood MRA of the carotid bifurcation 15. Set up parameters according to Table A1 .4.4. (Edelman et al., 1991) (Yarnykh and Yuan, 2003 Image processing and viewing for sequences 2 and 3 19. Find bilateral carotid bifurcations in images obtained from sequence 2. Find the approximate position of the central point at the line connecting the bifurcations using the cursor (Fig. A1 .4.2A). Document "left-right" and "anterior-posterior" coordinates of the central point for future use. 21. Find slice(s) containing the carotid bifurcation (Fig. A1 .4.2B). If several slices dissect the bifurcation, find the slice with the lowest (i.e., most inferior) position of the bifurcation using the cursor. Document the inferior-superior coordinate of the bifurcation for future use.
This sequence uses a double inversion-recovery (DIR) method
The carotid bifurcation on the index side is used as the internal reference for prescription of transverse multi-contrast images in the next sequences. Use of the above coordinates facilitates registration between images with different contrast weightings. If follow-up
A B 22. If indicated, perform multi-planar reformation of images obtained from sequence 3. Load images into the multi-planar reformation tool. Rotate reformatted plane to clearly visualize the extent of the plaque into the lumen and its relationship to the common, internal and external carotid arteries (Fig. A1.4.3A) . If also indicated, prepare a minimal intensity projection (min IP) for the image subset crossing the carotid arteries (Fig. A1.4.3B ). 25. Instruct the patient to refrain from swallowing during the scan and begin the scan. (Yarnykh and Yuan, 2003 27. Prescribe slices according to the above recommendations (see step 24).
Note that PD-and T 2 -weighted sequences 5 and 6 utilize identical parameters except for the echo time (T E ). When setting up parameters according to
28. Place inferior and superior saturation bands 2 to 3 cm from the edges of the slice group. Table A1 .4.8).
This step is not needed if a multislice DIR sequence is used (see
29. Instruct the patient to refrain from swallowing during the scan and begin the scan. 
COMMENTARY Background Information
Carotid atherosclerosis is thought to be one of the major contributors to stroke, which is among the leading causes of death and disability throughout the world. Traditionally, the degree of lumen stenosis is used as a marker for vulnerable plaques, which pose an increased risk for a thromboembolic event resulting in brain ischemia. However, two clinical trials (the North American Symptomatic Carotid Endarterectomy Trial and the Asymptomatic Carotid Atherosclerosis Study) demonstrated that lumen narrowing alone is a poor indicator of vulnerability, predicting only 1 out of 4 strokes in symptomatic patients and 1 out of 10 in asymptomatic patients. Many histological studies (for details see Yuan et al., 2001a) revealed the specific morphological factors of plaque instability. Some of these features are the erosion and rupture of the fibrous cap overlying the lipid core, the presence of a large necrotic core or intraplaque hemorrhage, and the appearance of calcium nodules on or near the lumen surface.
MRI is a noninvasive imaging technique, which can visualize the arterial lumen and provide detailed information about the arterial wall. Unlike the imaging modalities focused on the assessment of stenosis-X ray and CT (computed tomography)-based angiography, and Doppler ultrasound-MRI has the unique potential to characterize various tissue components of atherosclerotic plaque. As a method for plaque characterization, MRI considerably outperforms alternative techniques-high-resolution CT and B-mode ultrasound-which have limited dynamic range for soft tissues (CT) or are prone to anatomic restrictions (B-mode ultrasound). A number of studies (Toussaint et al., 1996; Hatsukami et al., 2000; Yuan et al., 2001b) have shown that MRI is capable of identifying clinically relevant plaque constituents and morphological features in vivo, such as the lipid core, intraplaque hemorrhage, necrosis, calcified tissue, and ruptured fibrous cap. Due to the complexity of tissue components, multiple contrast weightings are needed for plaque characterization (Toussaint et al., 1996; Hatsukami et al., 2000; Yuan et al., 2001b) . Good overall agreement between multi-contrast MRI and histology was documented for the classification and staging of atherosclerotic lesions (Cai et al., 2002 
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Intracranial Arterial Disease plaque size (Yuan et al., 1998; Kang et al., 2000) , providing a means of monitoring the progression of atherosclerosis over time, as well as control of treatment. High-resolution MRI of atherosclerotic plaques is a relatively new area, not commonly acknowledged as a routine diagnostic procedure. Recent successful applications of this method in relatively large groups of patients became possible due to the use of a specialized phased-array coil with improved SNR (Hayes et al., 1996 ; see also Fig. A1.4.1) and an optimized imaging protocol (Yuan et al., 2001a) . Further improvement of image quality was achieved by using a new time-efficient blackblood imaging method, multislice DIR (Yarnykh and Yuan, 2003) , although its availability is not critical for the Basic Protocol. In its current state, MRI of the atherosclerotic plaque requires the same scan time and efforts as many other MR protocols. Based on previous experience, the main goals of MRI in studies of carotid atherosclerosis are as follows: (1) detection and staging of the atherosclerotic disease; (2) monitoring of disease progression and effectiveness of therapy; and (3) detection of vulnerable atherosclerotic plaques, which are prone to disruption resulting in brain embolisms. The Basic Protocol provides comprehensive information for the assessment of all these aspects.
Critical Parameters and Troubleshooting
Image quality is critical for the identification of the tiny details of plaque structures. The following problems and artifacts are of major concern for high-resolution imaging of the carotid artery wall.
Motion artifacts
Swallowing is the major cause of motion artifacts in carotid imaging. It is especially important to instruct the patient to refrain from swallowing during each scan. For long singleslice DIR acquisition (sequences 3 and 4), some slices may be compromised due to motion, while others will be of good quality. In such situations, acquisition can be repeated for selected locations with little loss of overall examination time.
Wrap-around artifacts
The requirement of high resolution imposes limitations on the FOV size. The authors use a rectangular FOV for all transverse images to save scan time. Anterior and posterior parts of the neck may frequently appear outside the FOV and cause wrap-around artifacts (see, for example, Fig. A1.4.4) . These are not critical unless they overlap with the carotid arteries. Wrap-around artifacts may create problems in patients with large necks. In this case, an increased FOV y or a no-phase-wrap option (oversampling in the phase-encoding direction) can be used while keeping the same resolution, although scan time will be lengthened.
Low SNR
MR signal observed with a surface coil decreases with an increase of distance from the coil. If the area of interest (i.e., carotid arteries) appears far from the receiver panels of the coil (Fig. A1.4.1) , image SNR may be insufficient. Another reason for a signal drop can be electromagnetic coupling between coil arrays, if receiver panels are improperly aligned. This may happen if panels are close to each other at the anterior surface of the neck and form an obtuse angle. Ideally, receiver panels should be parallel when placed at the lateral surfaces of the neck. If signal is low, try to readjust the coil position. This problem can be difficult to avoid in patients with a thick neck and deep carotid arteries. In such cases, SNR can be improved by a reasonable increase of the slice thickness (e.g., to 3 to 4 mm).
Incomplete flow suppression in black-blood imaging
Effective blood suppression is critical for the evaluation of plaque components at the bloodwall interface. Sometimes, residual blood signal can be observed in the lumen, causing the lumen boundary to be obscured. Also, unsuppressed blood may result in the so-called plaque-mimicking artifact (Steinman et al., 1998) . This artifact arises from recirculating blood and occurs mostly in the carotid bulb (Steinman et al., 1998) . Effectiveness of flow suppression depends on the suppression technique used. The best results can be obtained using the double inversion-recovery (DIR) method (Edelman et al., 1991) , which is utilized in sequences 3 and 4. However, DIR is very time-consuming, since it requires single-slice acquisition. Due to scan-time limitations, DIR cannot be used in all dark-blood sequences (sequences 3 through 6). The inflow saturation method (used in sequences 5 and 6) is less effective, but it does not lengthen scan times. If present, plaque-mimicking artifacts on PD/T 2 -weighted images (sequences 5 and 6) can be easily recognized by comparing them with T 1 -weighted images obtained by using DIR (sequence 4). Usually, these artifacts disappear or have dramatically reduced area and intensity on T 1 -weighted DIR images.
Rarely, incomplete blood suppression may occur in DIR imaging (Fig. A1.4.4) . This may happen if the time between DIR pulses and acquisition is insufficient for outflow of blood from an imaged slice, particularly, if blood recirculates or flows very slowly. If the sequence is used with cardiac gating, flow suppression may be compromised for very fast heart rates. A non-gated acquisition is preferable in this case (see also sequences 3 and 4). The critical parameters determining performance of DIR are the thickness of the inverted slice and the delay between a double-inversion pulse pair and a readout sequence. The delay is an analog of the inversion time (T I ) for inflowing blood. Usually, these parameters are automatically calculated by a scanner, but they can also be available for manual control (e.g., on Philips scanners). If a non-gated sequence is used, the optimal values of the delay are given in Tables A1.4.4 and A1.4.6. The thickness of an inverted slice should be 2 to 2.5 times larger than the thickness of an imaged slice. On Philips scanners, make sure that the thickness of an inverted slice is set to the minimal permitted value (currently 5 mm).
An alternative solution for black-blood imaging with long T R (PD and T 2 -weighted) is based on recently developed multislice DIR methods (Parker et al., 2002; Song et al., 2002; Yarnykh and Yuan, 2003) , which improve the time-efficiency of DIR and provide almost the same quality of blood suppression. One such multislice DIR technique was developed in the authors' institution (Yarnykh and Yuan, 2003) , and it is used in the Basic Protocol (see Tables  A1.4 
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Intracranial Arterial Disease of flow enhancement, such areas can be erroneously interpreted as tissue (parts of the plaque) or thrombosis (Fig. A1.4.4) . Common reasons for these artifacts are due to the saturation of slow flow and flow-dependent dephasing. These issues are discussed in detail in UNITS A1.3 & B7.3. In the Basic Protocol, 3-D TOF is used as an additional contrast weighting (T 1 -weighted gradient-echo contrast), which is interpreted in conjunction with black-blood images. If complementary high-quality blackblood images are available, signal-loss artifacts in the lumen area on TOF images can be reliably distinguished from the plaque (Fig. A1.4.4) .
Anticipated Results
Examination with the Basic Protocol provides comprehensive characterization of the atherosclerotic lesion (Figs. A1.4.3 and A1.4.4). Usually, both lumen and plaque are clearly visible on all dark-blood images. Oblique sagittal black-blood MRA depicts the distribution of the plaque along the artery and lumen narrowing in a stenotic segment (Fig.  A1.4.3) . Transverse images obtained with DIR blood suppression allow excellent contrast between wall and lumen (Fig. A1.4.4) . Brightblood MRA (3-D TOF) is generally unable to depict the lumen-wall boundary as conspicuously as the black-blood images (Fig. A1.4.4) . However, TOF images provide helpful complementary contrast features. Slice-by-slice comparison of images with four basic contrast weightings (T 1 , T 2 , PD, and gradient-echo TOF) offers identification of basic plaque components, such as fibrous tissue, lipid core, necrosis, calcifications, and hemorrhages. The typical signal features of plaque tissues can be found in a review by Yuan et al. (2001a) . The main plaque constituent is fibrous tissue with signal characteristics similar to muscle. Early plaques are usually composed of fibrous tissue and display uniform signal intensity. During evolution, plaques acquire lipids and calcifications, and also may undergo necrosis or incidental changes due to hemorrhages and ruptures. Advanced plaques frequently show areas of variable signal. Specifically, hyperintensity on T 1 -weighted images may be associated with either an intraplaque hemorrhage or the lipid core; both are destabilizing factors making the plaque prone to rupture. TOF images may help to distinguish a recent hemorrhage and the lipid core, since a recent hemorrhage (in contrast to the lipid core) frequently shows increased signal on TOF images (Yuan et al., 2001b) . At the same time, signal characteristics of a hemorrhage are stage-dependent. Hyperintensity on T 2 -and PD-weighted images in combination with iso-/hypointense signal on T 1 -weighted images indicate a so-called loose matrix, which is a less integrated fibrous tissue with an elevated liquid phase. This may be a result of an old hemorrhage and necrosis. Calcified regions can be identified as dark areas in all images. Bright-blood TOF images are especially helpful to assign calcificates close to the lumen surface (juxtalumenal calcium) or to identify a ruptured fibrous cap (Hatsukami et al., 2000) . Plaque rupture is an important clinical condition, which is associated with neurological symptoms (stroke and transient ischemic attack). By comparing black-and bright-blood images, plaque rupture can be identified as a dark/bright tear originating at the lumen boundary.
Finally, black-blood images can be used for quantitative morphologic analysis, such as lumen and wall area and volume measurements (Yuan et al., 1998; Kang, 2000) . Precise morphometry of the atherosclerotic plaque is now becoming an important tool for studies of disease progression and treatment.
